Quayside container crane is a kind of huge dimension steel structure, which is the major equipment used for handling container at modern ports. With the aim to validate the safety and reliability of the crane under seismic loads, besides conventional analysis, elastic-plastic time history analysis under rare seismic intensity is carried out. An ideal finite element (FEM) elastic-plastic mechanical model of the quayside container crane is presented by using ANSYS codes. Furthermore, according to elastic-plastic time history analysis theory, deformation, stress and damage pattern of the structure under rare seismic intensity are investigated. Based on the above analysis, the established reliability model according to the reliability theory, together with seismic reliability analysis based on Monte-Carlo simulation is applied to practical analysis. The results show that the overall structure of the quayside container crane is generally unstable under rare seismic intensity, and the structure needs to be reinforced.
Introduction
Quayside container crane is a main equipment used for handling containers at modern harbors. Higher requirements for operating load and operating speed are proposed due to rapid development trend of large-scale container ships. With increase of structure size of the quayside container crane, dynamic characteristics analysis has become a hotspot. Because of the structure hugeness and complexity, its operation safety becomes more and more important. Currently, the researches related to this kind of huge structure mainly refer to the equipment design with the performance of lowing wind load and seismic load. It is the main part in designing the quayside container crane in China, as an earthquake-prone country, to improve the seismic performance and reduce the damages of super-scale equipments in disasters. Therefore, it is necessary to accurately analyze the elastic-plastic performance of quayside container crane structure under earthquake excitations and consider the material nonlinearity influence (Ren, 2007) . Jin et al (2009) employed the limited state method to analyze dynamic characteristics of the huge steel structure under basic seismic intensity excitation, and calculated the corresponding reliability. Wu et al (2008) proposed an elastic-plastic time history analysis to study seismic performances of T2 building of Shanghai Pu-Dong International Airport. Lü et al (2005) converted actual seismic records into experiments by using the elastic-plastic time history analysis method. There are lots of similar methods and researches. With the relative research enlightened, the author presented numerical methods which take the rare seismic intensity into account based on typical past earthquake records and analyzed the seismic reliability, trying to effectively identify the precursory anomalies, and provide a new method for application research on dynamic characteristics of quayside containers crane.
In this paper, an ideal elastic-plastic mechanical model of quayside container crane is presented by using the ANSYS codes, and the elastic-plastic time history analysis under the rare seismic intensity is analyzed by taking advantage of El Centro seismic wave, Taft seismic wave and SHW2 seismic wave. On the basis of the above-mentioned analysis, the seismic reliability based on Monte-Carlo numerical simulation of the quayside container crane is calculated. According to the analysis result, we could observe the seismic response and the seismic features after entering into plastic deformation. The calculation result not only provides an effective theoretical basis for seismic design of the quayside container crane, but also forms a good foundation for designing damping device.
2 Analysis model of quayside container crane structure
Component properties of the whole structure
Quayside container crane is composed of operation cart, portal structure (including legs of landside and waterside, sill beam of landside and waterside, portal of landside and waterside, horizontal beams and fixed tie links system), boom, girder, drawbar system, operation machine facility, operation trolley and hoisting appliance, as shown in Figure 1 . The operation cart moves along the ground tracks in lateral (Oy) direction, and the operation trolley moves along the beam tracks in longitudinal (Ox) direction, handling containers on the docked ships. The material of quayside container crane is Q345 steel, and the material properties of the FEM model are represented by yield limit σ, elastic modulus E, Poisson's ratio μ, and density ρ. Here σ = 3.45×10 8 Pa,
E=2.06×10
11 Pa, μ=0.3, and ρ = 7.85×10 3 kg/m 3 . In this paper, the elastic-plastic elements, such as Beam188 element, Pipe20 element, Mass21 element, Link10 element and Matrix27 element, are mainly used to analyze the seismic responses. Because the quayside container crane is mainly made of Q345 steel, the constitutive law of material must be considered in the AN-SYS analysis. In the course of analysis, the material properties of the elastic-plastic elements are defined as multi-linear kinematic hardening (MKIN), which adopts the Von Mises yield criterion and considers Bauschinger effect. Based on the accurate experiment description of Wang (2006) to Q345 steel, the simplified constitutive law model of material is shown in Figure 2. 
FEM model of the whole structure
By using the preprocessor module in ANSYS code, 3D FEM model of the quayside container crane, which is composed of 1 420 elements, is built up (Figure 1 ). The legs of landside and waterside, the sill beam of landside and waterside, the portal of landside and waterside, the horizontal beams, the boom and the girder are all represented by Beam188 element. The waterside pylon and the portal fixed tie links are represented by Pipe20 element. The operation cart model built up by Beam188 element is simplified as the equivalent beam in accordance with equivalent stiffness. The operation machine facility, the operation trolley, the hoisting appliance and the containers, which are treated as the concentrated mass, are represented by Mass21 element. In addition, the linear elements Link10 and Matrix27 are used to represent the drawbar system and the rope wire, respectively. According to actual conditions, the operation machine facility, the operation trolley, the hoisting appliance and the containers are simplified as 6, 2, 1 and 1 concentrated mass, respectively. The total weight is 1585 tons (Jin et al, 2009 ).
The boom and the girder of quayside container crane are hinged with connecting nodes by the degree of coupling simulation. The bottom of the operation cart is restrained for three translational degrees of freedom and two rotational degrees of freedom around Ox-axis and Oz-axis. Details are shown in Figure 1 .
Modal analysis of structure
Modal analysis is a kind of modern method for studying structure dynamic characteristics, and possesses significant applications in engineering vibration field. Therefore, it is necessary to study the modal analysis to the quayside container crane structure firstly. By using the subspace method in the modal analysis, we get the first 10 natural frequencies and main vibration modal characteristics, as shown in shows four main vibration modals of the quayside container crane. It can be seen from Figure 3 that, when the operation trolley is located at the front-end of the boom and hoisting containers, the third and the seventh modals play a significant role in the lateral earthquake response, whereas the fifth and the ninth modals have a main effect on the vertical earthquake response.
4 Elastic-plastic time history analysis of the quayside container crane
Selection and input of seismic waves
Generally, three groups of seismic recordings are applied to structure transient time-history analysis, that is, actual earthquake records of given site, typical past earthquake records and artificial seismic waves. Based on site conditions, typical past earthquake recordings are selected as input (Wang, 2007) . 1) El Centro seismic wave, Taft seismic wave and SHW2 seismic wave are selected as earthquake recordings, and corresponding magnitude, site condition and frequency characteristics are shown in Table 2 . Figure 4 gives the original east-west earthquake recordings of the three groups of seismic waves. But it should be noted that the ground acceleration amplitude of seismic waves should be adjusted according to different fortification intensities. Based on the seismic specification requirements of port engineering structures, the seismic fortification intensity of quayside container crane is 7, type II site condition, characteristic period T=0.3 s, the structure damping ratio is 5% based on the Code for Design of Steel Structure (Ministry of Construction of the People's Republic of China, 2003) . With the aim to accurately analyze elastic-plastic features of the quayside container crane, the seismic response analysis under rare seismic intensities 7 and 8 are carried out, and the corresponding peak acceleration value should be adjusted to 2.2 m/s 2 and 4.0 m/s 2 .
2) During time history analysis, the seismic waves are input in three directions, and the input in each direction is based on the non-correlation requirements. For the sake of simplification, we only give the east-west direction (longitudinal direction) seismic waves of three groups of earthquake recordings, as shown in Figure 4 . As a matter of fact, the longitudinal earthquake action (the spindle) plays a significant role in the whole structure. However, with the aim to accurately analyze the most dangerous situation, we adopt the input in three directions. According to seismic design specifications and practical engineering experience, when considering the input in three directions at the same time, the ratio of peak acceleration in longitudinal (east-west) direction, to the peak acceleration in lateral (north-south) direction, and to that in vertical direction, is taken as 1:0.85:0.65.
3) Based on modal analysis results, the natural period of the quayside container crane is around 3 s. According to the time-history theory, the duration time of seismic waves should be as 5−10 times long as that of the natural period. Therefore, the duration time of El Centro, Taft and SHW2 seismic waves are 30 s, 30 s and 40 s, respectively, and the corresponding interval time are all of 0.02 s.
According to seismic design specifications, when using time-history analysis for seismic analysis, the average seismic coefficient curves of the adopted seismic waves and the coefficient curves of the response spectrum method based on vibration modal decomposition must be matched in statistical sense, as shown in Figure  5 . From Figure 5 we can see that, although the dynamic amplification factors are different, all of the seismic waves match each other statistically. Therefore, the seismic waves adopted in this study satisfy analytical requirements.
Figure 5
Comparison between the average seismic wave coefficient curves and that of response spectrum.
Selection of key nodes and key elements
The selection of key nodes and key elements of the quayside container crane structure (Jin et al, 2009 ) is important to the analysis of seismic response. However, it is impossible to give the load effect of each node and each element due to heavy workload. Therefore, only the load effects of key nodes and key elements nearby critical sections of quayside container crane are only given. The concrete positions and the codes of above key nodes and key elements are shown in Table 3 . Table 4 shows the maximum stress and displacement response of critical sections of the quayside container crane under three groups of rare seismic excitations. It can be seen from Table 4 that, 1 under the excitation of rare seismic intensity, the maximum stress is in the joint of horizontal beams and waterside legs, meanwhile, the positions of maximum displacement are nearby the back-end of girder and the front-end of boom; 2 under SHW2 excitation of rare seismic intensity of 8, the deformations of the back-end of girder are very large, obviously exceeding stiffness requirements (sag-span ratio 1/750). Strong earthquakes could make geometric nonlinearity of the structure enhanced, which leads to large deformation; 3 under the excitation of rare seismic intensity of 7, the maximum stress of each component of the quayside container crane is at low level, without producing plastic deformation. Nevertheless, under El Centro and SHW2 excitations of the rare seismic intensity of 8, the stress in the joint of horizontal beams and waterside legs is beyond the limited stress 345 MPa, inducing plastic deformation; 4 the responses of the same component show significant large differences under the different seismic waves with the same intensity and standard. It can be found that different seismic waves have great effects on the structure responses. Therefore, it is necessary to choose different seismic waves for time-history analysis of the structure.
In conclusion, there is no need to consider the influence of the material plasticity under three groups of seismic waves of the rare seismic intensity of 7. However, under rare seismic intensity of 8, the seismic response of quayside container crane is large enough to induce the plastic deformation. Therefore, the whole structure must be seismically reinforced. Figure 6 shows the stress time-history curves of the joint of horizontal beams and waterside legs (element 89) under rare seismic intensities of 7 and 8, and also shows the displacement time history. It can be seen that: 1 the stress variation trend of the joint of horizontal beams and waterside legs (element 89) under rare seismic intensities of 7 and 8 is the same; 2 the largest lateral displacement is located in the back of the girder (node 832). This is because the corresponding frequencies of predominating vibration modals (the seventh and ninth modals) are close to the resonance frequency of seismic waves. By comparison, we can find that the seventh modal has the largest effect on lateral seismic response of quayside container crane; 3 the occurrence time of peak stress and displacement, compared with the entire duration time of seismic waves, shows the characteristics of early occurring. It can be found that the massive shocks of the initial stage of the seismic waves could take an important effect on withstanding the strong earthquakes. The stress and displacement response diagrams of the quayside container crane under the excitation of rare seismic intensity of 8 are shown in Figure 7 . It can be clearly seen from Figure 7 the accurate location and appearing time of plastic deformation.
In conclusion, the maximum stress of the quayside container crane under rare seismic intensity is 384.8 MPa, which is beyond the limited stress 345 MPa. The seismic response of the whole structure is large enough to fall short of the seismic design requirements. Therefore, it is necessary to carry on seismic reliability analysis under rare seismic excitations. 5 Seismic performance of the quayside container crane
Related theory on reliability
The structure reliability refers to the probability that could realize its pre-specified function within the prescribed time and conditions. In general, there are two factors affecting the structure reliability, named loading effect S and resisting force R of the structure component. Here (Ou et al, 1994) ,
Since both S and R are random variables, Z is also a random variable, which may appear in three kinds of conditions as follows: Z >0 (structure is reliable), Z<0 (structure failure), and Z=0 (the limited state). Here, equation (2) is called the limited state equation,
According to the reliability theory, the structure reliability actually solves the probability of limited state function Z ≥0. Therefore, taking advantage of the prob-ability design function (PDF) of the ANSYS codes, the probability of the limited state function Z≥0 can be calculated.
Reliability index and failure probability
The structure failure probability refers to the probability that could not realize its pre-specified function within the prescribed time and conditions, that is, the probability of the limited state function Z<0. The expression is shown as follows:
where f R (r) and f S (s) are the probability density function of the random variable R and S, respectively. The structure reliability index β is defined as
where μ z and σ z are the mean and standard deviation of the limited state equation Z=0, respectively. According to the first-order second-moment method (FOSM) theory, the relationship between structure failure reliability p f and the structure reliability index β is approximated as
where Ф(β) is standard normal distribution function.
Limited state equation of load-carrying ability of the quayside container crane
The limited state equation of load-carrying ability of the quayside container crane is defined as
where, σ s and r RE stand for structure resisting force and seismic adjustment coefficient, respectively. They are selected as σ s =345 MPa and r RE =1.10. σ max is the maximum loading effect, which could be calculated with ANSYS. Since the structure is mainly simulated by beam element, its maximum stress σ max is the absolute value of the sum of normal stress caused by bending deflection on beam section and axial stress.
Fitting the data with ground acceleration distribution
According to the description (Ou et al, 1994) on the distribution type of ground acceleration, the ground acceleration approximately complies with the extreme value of type I distribution. However, there is no corresponding distribution function in ANSYS codes. Therefore, we obtain the extreme value of type I distribution curves through fitting acceleration with several standard normal distribution curves, which are shown in Figure 8 .
It can be observed from Figure 8 that the fitted curves are approximately consistent with the initial curves. The means of seismic waves after fitting as the normal distribution curves are −0.145 70, −0.049 80 and −0.037 08, respectively, and the corresponding standard deviations are 1.034 09, 0.762 29 and 0.543 157, respectively. Similarly, the probability density function curves of the lateral and vertical seismic waves can also be fitted based on the above regularity. During the course of seismic reliability analysis, the input and output variables must be defined. Based on the above analyses, the maximum stress effect of each critical section of the quayside container crane is defined as output variables. The mechanical properties of materials (elastic modulus, density and yield strength), the gravity and the ground acceleration are defined as input variables, which are shown in Tables 5 and 6 . Note: E, ρ, S, and G denote elastic modulus, density, yield strength, and gravity, respectively. 
Reliability results
Monte-Carlo method (referred as random sampling method or statistical test method) belongs to a branch of computational mathematics. Based on a probabilistic model, in accordance with the process described in this model and through simulation results, the approximate solution is obtained. There are three main steps in Monte Carlo method: constructing or describing the probability of the process, sampling from a known probability distribution, and establishing variety of the estimators.
Based on the Monte-Carlo method, the simulation times are 1 000. Under the excitation of the rare seismic intensity, the structure failure probability p f and the reliability index β of the critical sections are shown in Table 7. It should be noted that Table 7 only shows the failure probabilities of the part of the main components.
It is obtained from Table 7 that: 1 the maximum failure probability of quayside container crane structure is located in the joint of the horizontal beams and the waterside legs under the rare seismic intensities of 7 and 8; 2 for reliability indexes β of several main components negative value have appeared, and exists the failure possibility; 3 under rare seismic intensity of 8, the reliability index β of the joint of the horizontal beams and the waterside legs is −∞. It is illuminated that the seismic responses of the components here are large enough to fall short of the seismic design requirements.
In the course of reliability analysis, probability sensitivity is a key parameter, whose analysis results could provide the rank-order for the importance of the random variables. Figure 9 clearly shows the rank-order correlation sensitivity of the failure probability (element 89) under rare seismic intensity. It can be obtained from Figure 9 that the seismic action (ground acceleration) has the largest effect on the structure reliability index, whereas the gravity and the yield strength of material rank the second and the third, respectively. As regards to the other parameters, we may ignore their effect on the structure. In general, the randomness of seismic action (ground acceleration) plays a decisive role in the structure seismic reliability. In conclusion, the overall structure of the quayside container crane is unstable under the excitation of rare seismic intensity, which is needed to be reinforced.
Discussion and conclusions
In this paper, an ideal elastic-plastic mechanical model of quayside container crane is presented by using the ANSYS codes, and the elastic-plastic time history analysis under rare seismic intensity is analyzed by taking advantage of El Centro, Taft and SHW2 seismic waves. On the basis of above analysis, the seismic reliability of the quayside container crane is estimated with MonteCarlo simulation. According to the analysis results, we could observe the seismic response and the seismic performance of the structure after entering into the plastic deformation.
The results show that, under the excitation of rare seismic intensity, the maximum stress is located in the joint of horizontal beams and waterside legs. Meanwhile, the existence positions of the maximum displacement are nearby the back-end of girder and the front-end of boom.
Under SHW2 excitation of the rare seismic intensity of 8, the deformations of the back-end of the girder are very large, which obviously exceed stiffness requirements (sag-span ratio 1/750). Strong earthquake can make geometric nonlinearity of structure enhanced, leading to large deformation.
Under rare seismic intensity of 7, the maximum stress value of each component of the quayside container crane is at low level, and within its elastic stage, without yielding. Nevertheless, under El Centro and SHW2 excitations of rare seismic intensity of 8, the stress in the joint of the horizontal beams and the waterside legs is beyond the limited stress 345 MPa, and would produce plastic deformation there.
The maximum failure probability of the quayside container crane structure is located in the joint of horizontal beams and waterside legs under the excitation of the rare seismic intensities of 7 and 8. The reliability indexes β of the several main components is negative, indicating there exists failure possibility. Under the excitation of the rare seismic intensity of 8, the reliability index β of the joint of horizontal beams and waterside legs is −∞. It is illuminated that the seismic response of the components here are large enough to fall short of the seismic design requirements.
In conclusion, there is no need to consider the influence of the material plasticity under three groups of seismic waves of the rare seismic intensity of 7. However, under the rare seismic intensity of 8, the seismic response of quayside container crane is large enough to induce plastic deformation. Therefore, the whole structure must be seismically reinforced.
